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p63Evolution of facial morphology arises from variation in the activity of developmental regulatory networks that
guide the formation of speciﬁc craniofacial elements. Importantly, the acquisition of novelmorphologymust be
integratedwith a phylogenetically inherited developmental program.Wehave identiﬁed a unique region of the
secondarypalate associatedwith theperiodic formationof rugae during the rostral outgrowthof the face. Rugae
function as SHH signaling centers to pattern the elongating palatal shelves. We have found that a network of
signaling genes and transcription factors is spatially organized relative to palatal rugae. Additionally, the ﬁrst
formed ruga is strategically positioned at the presumptive junction of the future hard and soft palate that
deﬁnes anterior–posterior differences in regional growth, mesenchymal gene expression, and cell fate. We
propose a molecular circuit integrating FGF and BMP signaling to control proliferation and differentiation
during the sequential formation of rugae and inter-rugae domains in the palatal epithelium. The loss of p63 and
Sostdc1 expression and failed rugae differentiation highlight that coordinated epithelial–mesenchymal
signaling is lost in the Fgf10mutant palate. Our results establish a genetic program that reiteratively organizes
signaling domains to coordinate the growth of the secondary palate with the elongating midfacial complex.
© 2009 Elsevier Inc. All rights reserved.Introduction
Craniofacial development requires the outgrowth and precisely
choreographed movements of multiple facial primordia. Bilateral
maxillary prominences fuse along the midline with the frontonasal
process to frame the upper jaw and face. Outgrowth and patterning of
the facial prominences depends on the immigration of cranial neural
crest (CNC) cells that delaminate from the neural folds at the time of
neural tube closure. Fate mapping and heterospeciﬁc transplantation
studies show that distinct populations of CNC cells, deﬁned by rostro-
caudal level of origin and path of migration, are prepatterned as to the
skeletal elements into which they will ultimately differentiate (Lee et
al., 2004; Noden, 1983; Santagati and Rijli, 2003; Schneider andHelms,
2003). Conversely, evidence from genetic studies indicate a critical
role for epithelial signals and support that reﬁnement of facial form is
derived from local tissue interactions between CNC and surface
epithelia (Haworth et al., 2004, 2007; Shigetani et al., 2000; Tyler
and Koch, 1977; Yamagishi et al., 2006). These local interactions
regulate cellular behaviors such as proliferation, migration, apoptosis,
and differentiation within individual facial primordia and are
mediated by developmental signaling pathways including the bone
morphogenic protein (BMP), sonic hedgehog (SHH), ﬁbroblast growth
factor (FGF), retinoic acid, andWNT pathways (Ahlgren and Bronner-ll rights reserved.Fraser, 1999;He et al., 2008;HuandHelms, 1999; Jeong et al., 2004; Liu
et al., 2005; Schneider et al., 2001; Szabo-Rogers et al., 2008).
While critical roles have been demonstrated for individual
transcription factors and signaling molecules, developmental control
of craniofacial morphogenesis is achieved through the integration of
molecular activity within transiently organized signaling centers.
Mutations in genes which result in altered craniofacial development
are often associated with syndromes that affect the formation of other
anatomical structures such as the limb, pointing to a conservation of
underlying regulatory interactions and morphogenetic processes that
deﬁne the activity of signaling centers (Barrow et al., 2002; Ibrahimi
et al., 2001; Schneider et al., 1999; Stanier and Moore, 2004). Studies
support that species-speciﬁc craniofacial morphology is generated by
spatiotemporal differences in the activity of discrete signaling centers
within individual facial primordia (Abzhanov et al., 2004; Wu et al.,
2006b). For example, reciprocal FGF/SHH/BMP interactions establish
the frontonasal ectodermal zone (FEZ), a signaling center positioned
at the distal tip of the frontonasal mass that guides outgrowth of the
midfacial complex (Abzhanov et al., 2007; Hu et al., 2003; Marcucio et
al., 2005). The FEZ is organized relative to the adjacent expression
domains of Shh and Fgf8 and the mutual antagonism between these
two pathways (Abzhanov et al., 2007; Hu and Marcucio, 2009a).
Signals from the FEZ also regulate Bmp4 expression within the
adjacent mesenchyme, thereby directing CNC proliferation that
sculpts the ﬁnal size and shape of the upper jaw (Hu and Marcucio,
2009a,b; Hu et al., 2003). Importantly, differences in the spatial
organization of the FEZ and its associated signaling correlate with
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complex (Abzhanov et al., 2004; Hu and Marcucio, 2009b; Wu et al.,
2006a,b).
Many vertebrates, notably mammals, generate a derivative of the
maxillary prominences, the secondary palate that separates the oral
and nasal cavities. Palate development involves a series of rotation
and elevation movements that accompany the outgrowth of the
bilateral palatal shelves that meet and fuse along the midline to form
the roof of the oral cavity. The molecular and genetic basis of medial
outgrowth and fusion of the palatal shelves has been studied
extensively (Gritli-Linde, 2007; Lan et al., 2004; Stanier and Moore,
2004). However, less is known about growth control and patterning
during the anterior extension of the palate. The anterior and posterior
palate have been shown to exhibit differential competence to respond
to signaling input, the anterior palate is BMP responsive whereas the
posterior palate is considered to be permissive to FGF signaling
(Shigetani et al., 2000; Zhang et al., 2002). Gene expression patterns
also highlight molecular differences between the anterior and
posterior palate (He et al., 2008; Hilliard et al., 2005; Li and Ding,
2007). In the mesenchyme, signaling and transcription factors
including Bmp4, Fgf10, Msx1, and Shox2 are expressed in anterior
domains while Barx1, Tbx22, and Mn1 expression is restricted to
posterior domains (Liu et al., 2008;Welsh et al., 2007; Yu et al., 2005).
These regional differences in signaling and gene expression are
ultimately translated into differences in cell fate, whereby the anterior
mesenchyme forms the bony hard palate while posterior mesen-
chyme contributes to the muscular soft palate.
Reciprocal signaling between mesenchyme and the overlying
epithelium also plays a critical role in growth of the secondary palate
(Gritli-Linde, 2007; Rice et al., 2004; Tyler and Koch, 1977). Both Fgf10
and Bmp4 are required for the epithelial expression of Shh, which is in
turn involved in a cascade directing proliferation of the underlying
mesenchyme (Rice et al., 2004; Zhang et al., 2002). Shh expression is
restricted to the palatal rugae, epithelial thickenings that form the
transverse ridges on the roof of the oral cavity (Bitgood and
McMahon, 1995). Finally, highlighting the role of epithelial–mesen-
chymal feedback in integrated signaling and tissue patterning, recent
work by Lan and Jiang demonstrates that epithelial SHH signaling acts
to restrict Bmp4 expression but is required to maintain Fgf10
expression in the mesenchyme (Lan and Jiang, 2009).
Importantly, the elongation of the secondary palate must coincide
with the rostral extension of the midfacial complex. However, a
deﬁned domain of molecular interactions that pattern the outgrowth
of the secondary palate, comparable to the FEZ, has not been
appreciated. Our previous ﬁnding that the anterior growth of the
palate involves periodic addition of Shh expressing rugae suggests
that outgrowth is guided by a dynamic sequence of interactions
between a regionalized mesenchyme and a highly patterned surface
epithelium (Welsh et al., 2007). In this study we deﬁne a region of
critical morphogenetic activity positioned at the junction of the future
anterior–posterior (A-P) palate that serves to integrate FGF/SHH/
BMP signaling to direct the differentiation of rugae signaling centers
during the outgrowth of the anterior palate. The periodic formation of
rugae provides a novel reference frame for studies of the spatial and
temporal organization of a network of signaling genes and transcrip-
tion factors that direct patterning and growth of the secondary palate.
Materials and methods
Mice
Fgf10+/− mice, originally described by Sekine (Sekine et al.,
1999), were provided by Dr. J. Greer (University of Alberta, Canada)
and maintained on a C57Bl/6J background. Genomic DNA from tail
biopsies was isolated for genotypingmice with the following primers:
wild-type fwd., (5′-CTTCCAGTATGTTCCTTCTGATGAGAC-3′); wild-type rev., (5′-GTACGGACAGTCTTCTTCTTGGTCCC-3′); mutant fwd.,
(5′-ACGACGGGCGTTCCTTGCGCAGCTGTG-3′); mutant rev., (5′-TCA-
GAAGAACCGTCAAGAAGGCGATA-3′). Occasional ectopic fusions of
the palate to the tongue or mandible in Fgf10 mutants were noted at
the time of dissection and only samples without fusions were selected
for expression analysis. The Sostdc1shk/J (Sharkey) mouse is a
spontaneous mutation resulting from a single base pair deletion in
exon 2 of Sostdc1 which introduces a premature stop codon. Sharkey
mice were acquired from the craniofacial mutant resource at the
Jackson Laboratory (Bar Harbor, Maine) and maintained as a
homozygous population.
RNA isolation and quantitative RT-PCR
Individual palatal shelves were dissected free of surrounding
tissue including the molar tooth bud, snap frozen in RNAlater
(Invitrogen), and stored at −80 °C until processing. RNA from each
palatal shelf was puriﬁed using the RNeasy Micro kit (Qiagen) and
RNA yield and quality were assessed via Nanodrop UV spectropho-
tometry. Individual cDNAs were generated from each sample via
reverse transcription of 1.0 μg of total RNA using the ABI high capacity
archive kit. Quantitative real-time PCR on an ABI 7500 platform was
carried out on triplicate reactions of each sample using 5.0 ng of cDNA
template. β-Actin expression was used as an endogenous control, and
cDNA derived from a pool of 1.0 μg each of E8.5–E18.5 whole embryo
RNA was used to calibrate relative expression levels in both wild-type
(n=3) and mutant (n=4). The following ABI TaqMan probes were
used in this analysis: Bmp4 , Mm_00432087_m1; Etv5 ,
Mm_00465816_m1; Fgf9, 00442759_m1; Jag2, Mm_00439935_m1;
ΔNp63, Mm_01169470_m1; Tap63, Mm_01150797_m1; Shh,
Mm_00436527_m1; and Sostdc1, Mm_00840254_m1.
In situ hybridization
Whole-mount and section in situ hybridization was performed
with digoxigenin (DIG) or dinitrophenol (DNP) labeled antisense
riboprobes. Processing of whole-mount samples was carried out on an
Intavis InsituPro VS robotic platform. Samples for section in situ were
fresh frozen in OCT compound and sectioned at 20-μm thickness. For
experiments involving mutants, wild-type and mutants were pro-
cessed together and detected for an identical period. Gene expression
was analyzed in 3 wild-type and 4mutant samples. Detailed protocols
and a complete list of sequences cloned to generate in situ probes are
available upon request.
BrdU labeling
Embryos were labeled with BrdU (Roche) by injecting pregnant
females with 10 mM BrdU (20 μl/gram of body weight) 1 h prior to
sacriﬁce. Heads were embedded in parafﬁn, and serial 6-μm sagittal
sections were collected. DNAwas denatured with 2 N HCl for 1 h prior
to incubation with anti-BrdU (Roche) followed by Cy3 (Molecular
Probes) and counterstaining with DAPI. 3 sections through the region
of the RGZ of E13.5 embryos (n=4)were used to count the number of
BrdU-positive cells and the total number of cells to determine the
mitotic index for each domain. The RGZ was divided into two equal
domains deﬁned by drawing a vertical line midway between the
anterior extent of R1 and the posterior boundary of the ﬁrst inter-
rugae domain.
Results
Periodic rugae formation during outgrowth of the anterior palate
A signiﬁcant number of genes are known to be required for palate
development. However, the lack of orienting landmarks has made
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difﬁcult. In this study we have used rugae formation as a reference
to examine the spatiotemporal dynamics of gene expression in the
secondary palate. Rugae, which are formed in a deﬁned sequence
during the anterior extension of the palate, act as SHH signaling
centers involved in epithelial–mesenchymal interactions required to
coordinate palate outgrowth and patterning (Lan and Jiang, 2009;
Pantalacci et al., 2008; Welsh et al., 2007). A ﬁrst stripe of Shh rugae
expression (R1) is evident at E12.0 and by E15.5, as the palatal shelves
contact and fuse, the full complement of 8 rugae have formed (Fig. 1).
In order to better appreciate the temporal dynamics of rugae
formation in relation to palate development, we used in situ
hybridization to generate a reconstructed time series. The numberFig. 1. Periodic rugae formation and rostral growth of the palate. (A) Shh expressionmarking
with respect to the order of their formation (shown in B). Shh expression posterior to the ﬁr
and punctate Shh domains in developing sensory papilla overlaying the posterior soft palat
differences in the growth of the anterior and posterior palate. Around E12.0, the R1 ruga arise
bud signaling center. During rostral extension of the palate, the spatial relationship between
of each row). Following the formation of R1, the remaining rugae (R2–R8) are generated ante
The domain of R4–R8 formation can be referenced to three distinct landmarks: anterior to R
Variation in the morphology of R7 and R8 appears to be associated with the extent to whic
domain of Shh expression; sp, sensory papilla.of rugae present and the extent of nascent Shh expression provide a
proxy for ordering the developmental progression of a collection of
palatal shelves. From 134 samples, dissected between E12.0 and E15.5
of development and hybridized for Shh expression, we ordered a
series of 45 palates that capture the sequential formation of R1–R8.
This reconstructed time series represents the full sequence of rugae
formation during the anterior extension, medially directed out-
growth, and midline fusion of the palatal shelves (Figs. 1B and C).
This data set demonstrates that at approximately E12.0, the ﬁrst
ruga (R1) arises as a distinct band of Shh expression that separates
posteriorly from the forming molar tooth bud (mtb) signaling center.
This molecular data support earlier observations of Peterkova (1985)
based on detailed histological analysis that suggest the rugae andrugae at E15.5 (oral view of palates, anterior is towards top). Rugae (R1–R8) are labeled
st formed rugae gives rise to a lateral line of taste buds termed the geschmacksstreifen
e. (B) A reconstructed time series showing the formation of R1–R8 highlights regional
s as a distinct band of Shh expression immediately posterior to the forming molar tooth
R1 and the developing molar tooth bud remains unchanged (asterisks in left most panel
rior to R1. R3 and R4 form in quick succession anterior and posterior to R2 respectively.
1; posterior to the most recently formed ruga; and medial to the molar tooth bud. (C)
h R6 extends posteriorly. gs, geschmacksstreifen; mtb, molar tooth bud; pd, posterior
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epithelium. Following the formation of R1, the remaining rugae (R2–
R8) are generated anterior to R1. Furthermore, with the exception of
R3, new rugae formation occurs via an interposition process (Fig. 1B).
R3 actually forms anterior to R2 but is closely followed by the
formation of R4 between R1 and R2. All subsequent rugae form
between R1 and the most recently formed ruga (R1+n). Previously,
rugae have been numbered relative to their position along the A-P
axis of the palate, with the anterior-most ruga labeled as R1
(Peterkova, 1985). However, the labeling of rugae, numbered in the
order in which they are formed would result in the sequence:
anteriorbR3, R2, R4, R5, R6, R7, R8, R1Nposterior.
The domain of periodic rugae formation can be referenced to three
distinct landmarks: anterior to R1; medial to the position of the mtb;
and posterior to R1+n (Fig. 1B). Following formation at this site, each
new ruga is displaced with the anterior elongation of the palate. Thus,
periodic rugae formation is localized to a speciﬁc domain and is
intimately associated with the rostral outgrowth of the anterior
palate. We refer to this distinct region of the palate as the rugae
growth zone (RGZ).
Shh expression in R1 exhibits a characteristic morphology and
dynamic that is distinct from the remaining rugae. R1 initiates as a
posteriorly angled band of expression (during R2–R3 formation) that
then becomes broader and chevron shaped (during R4–R5 formation)
prior to ﬂattening along its A-P axis (during R6–R8 formation). This
ﬂattening of R1 is accompanied by the posterior regression of the site
of nascent rugae formationwith respect to themtb such that R4 forms
at the anterior limit of the mtb, while R7 and R8 form at the mid-
posterior level of the mtb. The increasingly posterior formation of R7
and R8 is accompanied by the elongation of the Shh expression
domain in the mtb as well as the ﬂattening of R1. Variability in the
morphology of R7 and R8 has been noted previously. It is interesting
to speculate that the position of nascent rugae induction and the
variability in R7/R8 morphology may be related to the dynamics and
interplay between three signaling domains, R1, the mtb, and R1+n.
This hypothesis is supported by the observation that the formation of
a posteriorly angled R6 is associatedwith a laterally shortened R7 ruga
(Fig. 1C).
A network of genes is organized about rugae signaling centers
The dynamics of Shh expression demonstrate that periodic
patterning generates a series of signaling domains in the epithelium
of the elongating palatal shelves. To further investigate patterning in
relation to rugae formation and the anterior extension of the palatal
shelves, we surveyed the expression of a number of key signaling
molecules and transcription factors. Regionally restricted expression
of genes such as Wnt5a, Twist1, Pax9, Tbx22, Tgf-β3, and Sox9 along
the anterior–posterior and medial–lateral axis, highlight the spatial
heterogeneity of gene expression in the developing palate (Fig. 2A).
Signiﬁcantly, we also found that the expression of a number of
transcription factors andmembers of several developmental signaling
pathways (FGF, BMP, SHH, and NOTCH) is segmentally organized with
respect to rugae and inter-rugae domains in the developing palate
(Figs. 2B–D). Restricted expressionwithin rugae has been reported for
components of the SHH pathway as well as Barx1, Etv5, and Bmp4
(Rice et al., 2006; Welsh et al., 2007; Lee et al., 2007). However, the
segmental expression of genes critical for orofacial development such
as Jag2, Fgfr2, and Pitx2 has not been reported (Casey et al., 2006; Liu
et al., 2003; Rice et al., 2004). Our survey demonstrates that several
components of the FGF, BMP, and NOTCH signaling pathways exhibit
expression that is restricted to either rugae (Fgf9, Spry2, Etv4, Notch1,
Lfng, Hes1) or inter-rugae domains (Fgfr2, Etv5, Sostdc1, Id1) in the
palatal epithelium or mesenchyme (Fig. 2B). The complementary
organization of gene expression domains for components of these
signaling pathways and transcription factors provide information ofthe directionality of cellular signaling acting during palate develop-
ment. For example, the NOTCH receptor Notch1, its signaling
modulator Lfng, and downstream transcriptional mediator Hes1 are
all expressedwithin rugae, whereas the ligand Jag2 is expressed in the
adjacent inter-rugae domains.
We also note that the segmental expression of certain genes
appears to be stage speciﬁc. For example at E12.5 and E13.5, transcripts
for Notch1, Bmp4, and the transcription factor Satb2 appear to be
broadly distributed in the palate (data not shown); however,
beginning at ∼E14.5 expression becomes rugae associated (Fig. 2B).
Moreover, changes in the epithelial expression of Etv5 during rugae
formation and maturation point to dynamic epithelial–mesenchymal
signaling along the A-P axis of the palate (Fig. S1). Our expression
survey uncovers a previously unappreciated organization of gene
expression and signaling domains in the developing palate. Further
studies to localize and reﬁne gene expression domains with respect to
the RGZ, rugae, and inter-rugae domains will provide additional
insights into the spatial organization of genetic networks in the palate.
The R1 ruga coincides with gene expression domains deﬁning anterior
and posterior palate
Our expression studies reveal that molecular signals in the palate
are organized relative to the developing rugae. We next investigated
the spatial relationship between the region of rugae formation and A-
P domains in the developing palate. Prior to the formation of the
secondary palate, mesenchyme of the maxillary prominence is
patterned into anteriorMsx1 and posterior Barx1 expression domains
(Barlow et al., 1999; Zhang et al., 2002).We found that A-P differences
in the expression of Msx1 and Barx1 are maintained from the earliest
stages of the secondary palatal shelf development as they form along
the medial aspect of the maxillary prominence (Fig. 3). At E11.5,
restricted Msx1 expression in the anterior-most aspect of the palatal
shelf is initiated coincident with the formation of the primary choanae
on the roof of the stomodeum (Figs. 3A and D). Choanae are bilateral
involutions that will form the nasal cavity and provide landmarks for
the junction between the primary and secondary palate (Tamarin,
1982). At E11.5, the mesenchymal expression of Barx1 extends nearly
along the entire length of the palatal shelf and abuts the posterior
limit of the primary choanae (Figs. 3B and E). Signiﬁcantly, the site of
R1 formation is positioned at the junction of the mesenchymal
expression domains of Msx1 and Barx1 at the posterior limit of the
choanae (Figs. 3C and F). As previously reported, epithelial expression
of Barx1 is restricted to the inter-rugae domains of the anterior palate
(Welsh et al., 2007). As palate development progresses, growth of the
palate along the A-P axis results in the relative expansion of the
mesenchymal Msx1 and inter-rugae Barx1 expression domains
anterior to R1 compared to the mesenchymal domain of Barx1
posterior to R1 (Figs. 3G–L). Up to E12.5, mesenchymal Msx1 and
Barx1 share a posterior and anterior boundary respectively with R1
(Figs. 3G, H, I). However, by E13.5 continued expansion of the
mesenchyme anterior to R1 begins to shift the posterior boundary of
Msx1 expression away from R1 (Figs. 3J, K, L). Therefore, the RGZ and
the sequential formation of rugae signaling centers provide a
reference frame to directly visualize the formation of the anterior
palate as it extends away from R1 at the boundary of the presumptive
soft palate.
The directed growth of the anterior palate away from R1 correlates
with known differences in signaling responsiveness and cell fate
(Hilliard et al., 2005; Yu et al., 2005; Zhang et al., 2002). To further
investigate the relationship between A-P patterning in relation to the
position of R1, we compared the expression of Barx1 with that of
Shox2, a marker of the anterior palate, between E12.5 and E15.5 (Li
and Ding, 2007; Yu et al., 2005). Similar to Msx1, the expression of
Shox2 is initiated in the anterior-most mesenchyme upon rostral
extension of the anterior palate (Yu et al., 2005). In contrast to the
Fig. 2. A survey of spatial gene expression during the outgrowth and fusion of the palate. (A) Regional differences in expression domains, particularly with respect to the an ior–posterior and medial–lateral axes, highlight domains of
expression in the developing palate. (B) Gene expression domains in the developing palate are organized relative to the developing rugae. In addition to SHH, multiple componen of a network of signaling genes and transcription factors that
are critical for palate development, including the FGF, NOTCH, and BMP pathways, exhibit restricted expression to either rugae or inter-rugae expression domains. The distributio of rugae signaling centers, generated during anterior growth,
provide a mechanism to integrate A-P differences in gene expression with localized sources of patterning information. (C) Sagittal section in situ showing Shh expression restric d to the thickened epithelium of established rugae as well as
the anterior edge of the RGZ epithelium prior to epithelial thickening. (D) Epithelial expression of the dual BMP/WNT antagonist Sostdc1 is restricted to the RGZ epithelium and ter-rugae domains but is down-regulated at the site of rugae
formation (arrowheads in C and D).
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Fig. 3. The ﬁrst formed ruga (R1) highlights regional growth of the anterior palate and is
coincident with anterior–posterior differences in mesenchymal gene expression. (A–C)
Oral view of E11.5 wild-type embryos hybridized for Msx1 (A), Barx1 (B), and Shh (C).
White dashed line marks the lambdoidal junction between the maxillary process and
the frontonasalmass.White and black ﬁlled arrowheadsmark the anterior and posterior
limit of the palatal process respectively. Mesenchyme of the maxillary prominence is
patterned into anterior Msx1 (A, D, G, J, between white and open arrowheads) and
posterior Barx1 (B, E, H, K, between open and black arrowheads) expression domains.
Shh expression (C, F, I, L) in R1 is coincident with the mesenchymal boundary between
Msx1 and Barx1 (open arrowheads) and provides a landmark to visualize the anterior
outgrowth of the Msx1-positive palate (region between white and open arrowheads).
Restricted inter-rugae expression of Barx1 in the epithelium expands with the
elongating anterior palate (H and K) whereas the posterior mesenchymal domain
remains a constant size (region between open and black arrowheads).
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(2007), we found that the posterior boundary of Shox2 remains
coincident with R1 and the anterior boundary of mesenchymal Barx1
expression throughout palate development (Fig. 4). Interestingly,
expression of Shox2 in the anterior mesenchyme is dependent on BMP
signaling, while Barx1 expression is inhibited by BMP signaling (Yu et
al., 2005). Consistent with the differential regulation of Shox2 and
Barx1 by BMP signaling, we found the expression of the BMP signaling
antagonist Sostdc1, is also spatially organized relative to R1. Similar toBarx1, Sostdc1 is expressed in the mesenchyme posterior to R1, while
anterior expression is restricted to domains of inter-rugae epithelium
(Figs. 4C, C′, and F). These data support that R1 and the RGZ are key
features deﬁning differences in patterning, signaling competence, and
growth along the A-P axis of the palatal shelves.
Mesenchymal Fgf10 is expressed in a posterior–anterior gradient
adjacent to the RGZ
The sequential generation and relative spacing of rugae are
consistent with an activation–inhibition mechanism that regulates
the formation and patterning of ectodermal appendages (Pispa and
Thesleff, 2003). Mesenchyme often provides the ﬁrst instructive
signal for the formation of ectodermal organs that develop through
reciprocal epithelial and mesenchymal interactions. Previously, we
demonstrated that Shh expression, rugae morphology, and palate
closure are disrupted in mice lacking the FGF signaling antagonist
Spry2 (Welsh et al., 2007). Therefore, we examined Fgf10 expression
in the mesenchyme adjacent to the RGZ. We performed whole-mount
in situ hybridization of Shh and Fgf10 on paired sets of right and left
palatal shelves from individual embryos as well as on adjacent serial
frontal and sagittal sections. These data show that contrary to the
ﬁndings of Pantalacci et al. (2008) nascent Shh expression at the
anterior edge of the RGZ actually precedes the overt epithelial
thickening that deﬁnes rugae (Figs. 5A–C). Surprisingly, we found that
Fgf10 expression forms a gradient within the mesenchyme of the RGZ.
Fgf10 is most highly expressed in the condensedmesenchyme directly
adjacent to R1 but expression diminishes anteriorly towards the site
of nascent rugae formation (Fig. 5). Consistent with the recently
demonstrated positive feedback of Fgf10 expression by epithelial SHH
signaling (Lan and Jiang, 2009), Fgf10 expression is again up-regulated
anterior to the R1+n rugae, although not to the level seen adjacent to
R1 (Fig. 5F).
Analysis of H&E-stained sections through the RGZ show that
compared to the thickened and protruding epithelium of mature
rugae and the markedly thinner abutting inter-rugae domain, the oral
epithelium throughout the RGZ adjacent to the Fgf10 gradient is of an
intermediate thickness forming a placode that extends anteriorly
from R1 (Fig. 6A).We also note that mesenchymal cells corresponding
to the domain of highest levels of Fgf10 expression exhibit a distinct
polarity orthogonal to adjacent epithelium of R1 (Fig. 6B). Therefore,
the RGZ is not only deﬁned by distinct gene expression domains but
also unique differences in the cellular organization of both the
mesenchyme and epithelium. Thus, a gradient of FGF10 signaling
potentially provides an important inductive cue from the mesen-
chyme that together with inhibitory signals from the epithelium
control the timing and spatial positioning of epithelial differentiation
to establish rugae and inter-rugae domains. A candidate source for an
inhibitory signal is the R1+n ruga that moves away from the RGZ
during palate elongation (Pantalacci et al., 2008).
Molecular signals maintaining proliferation versus cell cycle exit during
rugae differentiation
We considered that rugae differentiation involves an FGF10-
dependent program that triggers Shh expression and cell cycle exit in
a localized population of cells within the RGZ. In a series of BrdU
labeling experiments, we conﬁrmed that epithelial cell proliferation is
diminished in established rugae, including R1 and the most recently
formed rugae (R1+n). In contrast, inter-rugae epithelium, including
the domain between the anterior boundary of the RGZ and the R1+n
rugae display high levels of proliferation. Notably, we detected non-
uniform proliferation within the RGZ (Figs. 6C and D). Epithelial cells
within the posterior half of the RGZ adjacent to R1 exhibit an elevated
mitotic index relative to that of cells in the anterior half of the RGZ.
Signiﬁcantly, this region of diminished proliferation within the RGZ
Fig. 4. R1 marks the anterior–posterior boundary of mesenchymal cell fate. During the outgrowth (E13.5) and fusion (E14.5) of the palatal shelves, the mesenchymal expression of
Shox2 (A, A′, and D) and Barx1 (B, B′, and E) share a common boundary deﬁned by the location of R1 (open arrowheads) in the overlying epithelium. Expression of Shox2 and Barx1 is
positively or negatively regulated by BMP signaling, respectively. The expression of the BMP signaling antagonist Sostdc1 is consistent with the establishment of BMP permissive or
restricted signaling domains in both the anterior and posterior palate (C, C′, and F). Black arrowheads mark position of anterior rugae.
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epithelial differentiation into rugae (see Fig. 5).
The proliferation pattern within the RGZ suggests that rugae and
inter-rugae domains are established through the spatial organization
of molecular signals controlling cell cycle exit and maintenance,
respectively. The p53-related factor p63 is thought to integrate the
activity of multiple signaling pathways and act as a switch to regulate
molecular cascades that promote the maintenance of epithelial
progenitors versus cell cycle exit and differentiation (Yang et al.,
1999). p63 has been shown to maintain epithelial cell “stemness”
through the positive regulation of Fgfr2b and Jag2 (Candi et al., 2007).
We established that Fgfr2b and Jag2 expression is localized to inter-
rugae domains (see Fig. 2). Complex regulation of the p63 locus
results in the expression of at least six protein variants exhibiting
distinct and often opposing regulation of target genes (Vigano et al.,
2006; Wu et al., 2003; Yang et al., 1998). Alternative promoter usage
generates two N-terminal isoforms, a longer transactivating (TA)
domain containing TAp63 and a truncated ΔNp63 lacking the TA
domain, while alternative splicing of the C-terminus generates α, β,
and γ isoforms. Notably, the ΔNp63 isoform has been shown to be the
predominant isoform expressed during craniofacial development and
to be required for the differentiation and maintenance of signaling
centers in the oral epithelium (Laurikkala et al., 2006; Mikkola, 2007;
Mills et al., 1999). Furthermore, FGF10 has been shown to be a potent
inducer of p63 during ectodermal organogenesis and the periodic
patterning of skin appendages (Tao et al., 2002). Therefore, weexamined the spatial organization of ΔNp63 expression in the
developing palate epithelium.
We found that in the developing palate, ΔNp63 expression is
notably dynamic with respect to the sequence of rugae induction and
maturation. ΔNp63 is not expressed in R1 or the R1+n rugae but its
expression becomes rugae speciﬁc in more mature anterior rugae.
Signiﬁcantly ΔNp63 is strongly expressed within the RGZ epithelium
immediately anterior to R1; however, as the R1+n rugae is displaced
by the expansion of the newly formed inter-rugae domain, expression
is down-regulated at the site of nascent rugae formation (Figs. 6E and
F). ΔNp63 has been shown to inhibit the expression of the cell cycle
regulator p21, a factor induced by BMP4 that promotes growth arrest
during signaling center formation (Jernvall et al., 1998; Nguyen et al.,
2006; Okuyama et al., 2007). Our expression analysis demonstrates
that p21 is strongly expressed in R1 but is excluded from the RGZ
epithelium, a pattern complementary to that of ΔNp63. Interestingly,
similar to ΔNp63 in R1+n and more mature anterior rugae, p21
expression becomes progressively up-regulated (Fig. 6G). In the
developing tooth bud, BMP4 induces its own antagonist Sostdc1 and
expression of Shh and p21 (Laurikkala et al., 2003). Sostdc1 acts to
inhibit BMP4 signaling, while SHH signaling acts to locally inhibit the
expression of Sostdc1. In this way, reciprocal epithelial–mesenchymal
signaling serves to restrict the ﬁeld of cells competent to respond to a
BMP threshold-dependent induction of signaling center differentia-
tion. Similar to ΔNp63 and consistent with its role in tooth
development, Sostdc1 is also periodically down-regulated at the site
Fig. 5. Fgf10 is expressed in a gradient deﬁned by R1 and the site of nascent Shh expression at the anterior of the RGZ. Whole-mount in situ hybridization on the palatal shelves of a single embryo detecting expression of Shh (right shelf, A and
B) or Fgf10 (left shelf, D and E). Dashed horizontal and vertical lines indicate approximate plane of section shown in C and F or G–N, respectively (open arrowheads mark nascent ruga, black arrowheads mark deﬁnitive rugae). Section in situ
hybridization for Shh and Fgf10 on adjacent sagittal (C and F) or serial frontal sections (G–N) of E13.5 wild-type palates show robust posterior expression of Fgf10 in the mesenchyme adjacent to Shh in R1 compared to the mid-RGZ (H and L),
anterior RGZ (I and M), and recently formed inter-rugae domain (J and N). ps, palatal shelf; pv, palantine vein; t, tongue.
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Fig. 6. Domains of cell proliferation and gene expression associated with rugae formation in the RGZ. (A) H&E-stained sagittal section of an E13.5 palate shows differences in the
organization of both themesenchyme and epithelium in the region of the RGZ. The epitheliumwithin the RGZ is of an intermediate thickness to that in rugae and inter-rugae domains
(arrow) that extends anteriorly fromR1 (arrowheadmarks anterior RGZ and site of rugae formation). The condensedmesenchyme adjacent to R1 shows a polarity orthogonal relative
to the epithelium (dashed box enlarged in B). (C) Cell proliferation detected by BrdU incorporation (BrdU: red, nuclei counterstained with DAPI (blue), dashed white line separates
mesenchyme and epithelium) is uniform in the palatal mesenchyme. Proliferation is high in inter-rugae domains (arrows) and in the posterior RGZ and reduced in the thickened
epitheliumof rugae and nascent rugae (white arrowhead). (D) Summary of regional differences in epithelial proliferation in the E13.5 palate (error bars represent SEM, n=4). Sagittal
sections of E13.5 palates hybridized for ΔNp63 (E and F) p21 (G) and Sostdc1 (H) expression supports that rugae morphogenesis involves cell cycle exit. Within the RGZ, ΔNp63 is
strongly expressed immediately anterior to R1 (E) but is periodically down-regulated at the site of nascent rugae formation (arrowhead, F). Expression ofΔNp63 (E and F) and the cell
cycle inhibitor p21 (G) becomes progressively up-regulated inmaturing rugae. (H) Sostdc1 expression overlaps withΔNp63within the RGZ and is also periodically down-regulated at
the site of rugae formation (arrowhead) but is restricted to inter-rugae domains in the anterior palate. Abbreviations: md, mandible; pv, palatine vessel.
61I.C. Welsh, T.P. O'Brien / Developmental Biology 336 (2009) 53–67of rugae induction (Fig. 6H). Therefore, within the RGZ ΔNp63 is
coexpressed with Sostdc1, while in established rugae expression
overlaps with p21. Thus, while p63 expression within the RGZ likelyinhibits p21 expression to sustain the cell cycle, periodic down-
regulation of ΔNp63 and Sostdc1 expression at the anterior RGZ may
facilitate growth arrest and signaling center differentiation. These data
Fig. 7. QRT-PCR analysis detects altered expression of both rugae and inter-rugae-
speciﬁc genes in Fgf10 mutant palates. Relative to wild-type (n=3), E13.5 Fgf10
mutants (n=4) exhibit reduced expression of Etv5, ΔNp63, Jag2, Shh and Fgf9, and
Sostdc1, but not the TA isoform of p63 or Bmp4 (error bars represent SEM).
62 I.C. Welsh, T.P. O'Brien / Developmental Biology 336 (2009) 53–67suggest that during the rostral extension of the anterior palate, a
dynamic molecular circuit coordinates the sequential formation of
both rugae and inter-rugae epithelium from a common precursor
population in the RGZ.
Loss of Fgf10 results in failure to maintain the RGZ and loss of
coordinating epithelial–mesenchymal signaling
Our data suggest that p63 expression and rugae morphogenesis
are dependent on FGF10 signaling from the mesenchyme. TheFig. 8. Altered patterning of the palatal epithelium associated with loss of the RGZ in Fgf10m
and Shh expression in R1 (arrow) is diminished in E13.5 Fgf10 mutant palates. Shh is hig
epithelium (arrowheads). (B) In the E14.5 Fgf10mutant, Shh expression is reduced to small
lost. At E13.5 Fgf10mutants exhibit speciﬁc loss of gene expression in the RGZ and inter-ruga
of the FGF/MAPK pathway (arrowheads mark expression in the mesenchyme), (D) ΔNp63, a
of Sostdc1 (E) in the presumptive soft palate and adjacent tooth anlage is elevated (arrow
mutants. (F) In E13.5 wild-type, Jag2 is expressed in inter-rugae domains of the anterior pal
absent within the RGZ and anterior oral epithelium of E13.5 Fgf10 mutants but weak expre
wild-type palates and the medial boundary of inter-rugae Jag2 expression abuts the MEE (arr
with an anterior boundary that is aligned with the normal anterior extent of the RGZ (aste
Fgf10 mutant palates at E13.5, particularly in the MEE adjacent to the region of the RGZ (a
restricted to themedial epithelial seem (MES) (arrowheads). Tgf-β3 expression in E15.5 Fgf1
in the region showing highest levels of precocious expression at E13.5 and ectopic Jag2 at Etargeted disruption of Fgf10 in mice results in cleft palate and loss of
Shh expression (Alappat et al., 2005; Rice et al., 2004). We sought to
further examine palate defects in Fgf10 mutants with respect to
signaling in the RGZ. Using QRT-PCR analysis, we compared the
palatal expression of several genes proposed to mediate rugae
morphogenesis between E13.5 wild-type (n=3) and Fgf10 mutants
(n=4) (Fig. 7). Consistent with its role as a mediator of FGF signaling
during craniofacial development and dynamic epithelial expression in
the palate (Firnberg and Neubuser, 2002) we found that Etv5
expression is reduced to approximately 50 percent wild-type levels
in Fgf10 mutant palates. Laurikkala et al. (2006) previously showed
that ΔNp63 is the predominant isoform of p63 expressed in the oral
epithelium during development. We detected no signiﬁcant differ-
ences in the expression levels of the TAp63 isoform; however, ΔNp63
expression is signiﬁcantly reduced in the palate of Fgf10 mutants.
Furthermore, expression levels of Jag2, a p63 target expressed in the
inter-rugae epithelium as well as Fgf9 that is coexpressed with Shh,
are also reduced. Interestingly, although we detected normal levels of
Bmp4 expression in the palates of E13.5 Fgf10mutants, we detected a
consistent reduction in the expression levels of the BMP antagonist
Sostdc1.
We next sought to investigate the impact of these quantitative
changes in gene expression on the spatial organization of the RGZ and
rugae development. Consistent with the QRT-PCR data, in situ
hybridization conﬁrmed that rugae formation is severely disrupted
in the Fgf10 mutant palate. The organized Shh expression domains
that highlight established and forming rugae progressively deterio-
rate between E13.5 and E14.5 (Figs. 8A and B). Furthermore, the
expression of both Etv5 and ΔNp63 is speciﬁcally lost in the
epithelium of the palatal shelves of Fgf10 mutants, while Etv5utants. (A) The RGZ is reduced in size (distance between R1 and the molar tooth bud)
hly disorganized in the anterior palate and ectopically expressed in the medial edge
puncta of expression in the anterior palate and all evidence of R1 and the RGZ has been
e epithelium of the anterior palate including that of (C) Etv5, a transcriptional mediator
nd (E) Sostdc1, a negative feedback inhibitor of BMP signaling. Mesenchymal expression
head). (F–I) Patterning of the medial edge epithelium (MEE) is also altered in Fgf10
ate and the medial edge epithelium (MEE) but excluded from rugae. Jag2 expression is
ssion is seen medially. (G) Jag2 expression is down-regulated within the MEE of E15.5
owheads). In E15.5 Fgf10mutants, Jag2 is ectopically expressed in the MEE (arrowhead)
risk marks the molar tooth bud). (H) Tgf-β3 expression is signiﬁcantly up-regulated in
rrowhead). (I) In the fusing palates of E15.5 wild-type embryos, Tgf-β3 expression is
0mutants is ectopically expressed across the oral surface of the palatal shelf but reduced
15.5 (arrowheads).
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unaffected (Figs. 8C and D). Although QRT-PCR indicated a moderate
reduction in expression levels, we found that Sostdc1 expression in
the anterior epithelium to be completely lost (Fig. 8E). Surprisingly,
we also detected signiﬁcant up-regulation of Sostdc1 in the mesen-
chyme posterior to R1 and in the molar tooth bud, suggesting a loss of
coordinated epithelial–mesenchymal signaling via the BMP and
possibly WNT pathways in Fgf10 mutant palates (Fig. 8E).
Signiﬁcantly, loss of p63 function has recently been shown to
result in failed outgrowth of the anterior palate and is associated with
elevated levels of Bmp4 and loss of Shh expression in the maxillary
process (Thomason et al., 2008). During tooth development, Sostdc1
integrates the BMP, SHH, and FGF pathways and is required to
regulate epithelial responsiveness to Bmp4 induction of Shh and p21
expressing signaling centers (Kassai et al., 2005; Laurikkala et al.,
2003). Furthermore, Sostdc1 (also called Wise, Ectodin, and USAG-1)
has recently been shown to coordinate the BMP and WNT pathways
via its interaction with the WNT co-receptor Lrp4 (Ohazama et al.,
2008). In order to determine whether Sostdc1 plays a similar role
during rugae formation, we analyzed Shh expression in the palates of
Sostdc1Shk (Sharkey) mutants. Sharkey was recovered as a spontane-
ous mutation resulting in supernumerary teeth. We have observed
that rugae are disorganized in the Sharkeymutant palate (Figs. 9A and
B). Characterization by The Jackson Laboratory Craniofacial Mutant
Resource group conﬁrmed Sharkey as a new null mutation in Sosdtc1
resulting from a single base pair deletion in exon 2 (Craniofacial
Resource, The Jackson Laboratory, www.jax.org/cranio/index.html).
Signiﬁcantly, we found that Shh is ectopically expressed throughout
the RGZ of Sostdc1Shk mutant palates at E13.5 (Figs. 9C and D). These
data support that similar to its role in tooth cusp patterning, Sostdc1 in
the palate acts to regulate induction of signaling centers.
The epithelial patterning defects in Fgf10 mutants are not limited
to the organization of gene expression domains along the A-P axis of
the palate. We note that from E14.5 to E15.5 as the palatal shelves
make contact and fuse, the medial edge of palatal rugae share a
common boundary with the lateral extent of medial edge epithelia
(MEE). Only after shelf fusion at E16.5 do the anterior-most rugae (R3,
R2, and R4) fuse across the midline. Down-regulation of Jag2 and the
restricted expression of Tgf-β3 within the medial edge MEE is part of
an intrinsic program to pattern palatal epithelium and localize the
tissue remodeling that promotes shelf fusion in the region of midline
contact (Jin et al., 2008). Interestingly, we found that the inter-rugae
expression of Jag2 is lost in Fgf10mutants but is expressed ectopically
in the MEE (Figs. 8F and G) while Tgf-β3 is precociously andFig. 9. Altered rugae formation and gene expression in the Sostdc1Shk mutant palate. (A, B) M
the wild-type palate compared with failed fusion of anterior ruga (R4) and disorganized ruga
in the Sharkey mutant results in expanded expression of Shh in the molar tooth bud, ectopic
expression domains. fused molars (asterisk A, B); molar tooth bud (asterisk C, D); soft palaectopically expressed across the oral epithelium of Fgf10 mutant
palates (Figs. 8H and I). Therefore, failed rugae morphogenesis and
altered epithelial patterning resulting from loss of Fgf10 impacts both
the anterior–posterior and medial–lateral axis of the palatal shelves.
Collectively our data suggest that a highly integrated molecular
circuit coordinates epithelial–mesenchymal signaling within the RGZ
in order to direct the periodic differentiation of SHH expressing
signaling centers during palate outgrowth. Mesenchymal Fgf10 acting
upstream of both p63 and Sostdc1 thus provides a mechanism to
couple both FGF10 and BMP4 regulation of Shh expression by
restricting induction of Shh expression to the anterior edge of the
Fgf10 gradient in the RGZ.
Discussion
The RGZ and spatial organization of a network of genes that directs
palate development
In this study, we have identiﬁed a novel region of morphogenetic
activity, the RGZ, that functions to integrate multiple signaling
pathways critical for guiding palate morphogenesis. Signaling via
the FGF, BMP, and SHH pathways is essential for multiple aspects of
craniofacial development (Abzhanov and Tabin, 2004; Hu and Helms,
1999; Kim et al., 1998; Trumpp et al., 1999). The spatial organization
of molecular interactions amongst these pathways has been shown to
establish the frontonasal ectodermal zone (FEZ) that directs midfacial
outgrowth (Abzhanov et al., 2004, 2007; Hu et al., 2003). In the
secondary palate, both Fgf10 and Bmp4 are required for the expression
of Shh (Rice et al., 2004; Zhang et al., 2002). However, a mechanism
explaining their combined regulation of Shh has been lacking. We
propose a molecular model involving p63 and Sostdc1 that integrates
FGF10 and BMP4 signaling that balances epithelial proliferation and
differentiation to control the sequential induction of Shh expression in
the palate (Fig. 10A). Epithelial SHH signaling to the mesenchyme
completes a positive feedback loop that maintains Fgf10 expression
and is required for directing patterning and outgrowth of the palate
(Lan and Jiang, 2009). In this way, the periodic formation of rugae
signaling centers supplies a register of signaling cues to the
underlying mesenchyme as the palate extends anteriorly. The
periodicity of rugae formationwill facilitate amore detailed dissection
of the timing of molecular and cellular events that establish and
maintain this critical epithelial–mesenchymal feedback loop.
The early disorganized and ectopic expression of Shh in Fgf10
mutant palates, followed by progressive loss of Shh expression,idline fusion of anterior rugae (R2–R4, arrowheads) and normal rugae morphology in
e morphology in the Sharkey (Sostdc1Shk) mutant palate. (C, D) Loss of Sostdc1 function
expression throughout the RGZ (arrows), and an increased distance between these two
te (sp).
Fig. 10.Models of themolecular andmorphogenetic activity associatedwith the RGZ. (A)We suggest a model of molecular interactions integrating FGF10 and BMP4 signaling during
rugae formation within the RGZ. Both Fgf10 and Bmp4 are required for epithelial expression of Shh. The RGZ acts as a source of both rugae and inter-rugae epithelium. Within the
RGZ, Fgf10 is expressed in a gradient extending from R1 to the site of nascent rugae formation. We propose that FGF10 signaling, mediated through ΔNp63α and its targets Jag2 and
Fgfr2b, maintains proliferation of epithelial progenitors at the posterior end of the RGZ. Epithelial expression of the Bmp4 antagonist Sostdc1 in the anterior palate also requires Fgf10.
We found that similar to its role in tooth cusp patterning, Sostdc1 acts to restrict induction of Shh in the RGZ.We propose that the relative balance between FGF10 and BMP4 signaling
is one component deﬁning the A-P position of rugae formation. Induction of Shh and p21 expression results in cell cycle exit and epithelial differentiation while continued
proliferation of inter-rugae epithelium moves the R1+n rugae away from the RGZ. Signals from the R1+n rugae (bar and arrow) are also proposed to inﬂuence the fate of RGZ
epithelium. (B) The anterior growth of the anterior palate (tan) proceeds from the ﬁrst formed rugae (red arrow) and is coincident with the establishment of segmental signaling
domains (rugae). Fusion of the bilateral shelves requires medially directed growth (red arrowheads) and patterning of the medial edge epithelium (MEE, pink). The lateral boundary
of theMEE coincides with themedial edge of the rugae, suggesting that signals from the rugae also participate in the intrinsic program that patterns theMEE. Thus, rugae and the RGZ
provide a reference frame for visualizing the organization of signaling domains with respect to the anterior–posterior and medial–lateral patterning and growth of the palatal
shelves.
64 I.C. Welsh, T.P. O'Brien / Developmental Biology 336 (2009) 53–67demonstrates that Shh is not directly dependent on Fgf10. Instead, our
data indicate that mesenchymal Fgf10 is required to organize and
maintain the RGZ and rugae morphogenesis, possibly through p63
mediated maintenance of an epithelial progenitor population in the
posterior RGZ (Harada et al., 2002). In addition to Shh, loss of RGZ
activity in Fgf10 mutants results in the absence or altered expression
of Etv5, p63, and Fgf9. Similar to p63, epithelial expression of the BMP
signaling antagonist Sostdc1 is completely lost in the anterior palate
while expression posterior to the RGZ and in the molar tooth bud is
actually elevated. Loss of p63 results in elevated BMP4 signaling, loss
of Shh expression, and failed outgrowth of the anterior palate
(Thomason et al., 2008). Altered expression in Fgf10mutants suggests
that Sostdc1 is a downstream target through which p63 regulates
Bmp4.We have identiﬁed complementary rugae and inter-rugae-speciﬁc
expression of ligands, receptors, and transcriptional mediators in both
the epithelium and mesenchyme providing new insight into the
directionality, organization, and spatial integration of signaling
interactions that guide palate morphogenesis. For example, both
loss and gain of function mutations of Fgf9 have been reported to
result in cleft palate; however, the etiology underlying the defect has
not been analyzed (Colvin et al., 2001; Harada et al., 2009; Murakami
et al., 2002). Rugae-speciﬁc expression of Fgf9 in the epithelium along
with Etv4 (Pea3) in the underlying mesenchyme suggests the
presence of a reciprocal epithelial–mesenchymal FGF feedback loop
commonly observed during the development of other structures (del
Moral et al., 2006; Sun et al., 2000; Zhang et al., 2006). Our data
support a model where rugae signaling centers, established through
65I.C. Welsh, T.P. O'Brien / Developmental Biology 336 (2009) 53–67the dynamic activity of the RGZ, provide a framework to organize a
network of genes that pattern the three dimensional growth and
patterning of the palatal shelves (Fig. 10B).
The RGZ and regional differences in A-P growth of the palate
The RGZ, positioned at the A-P junction of the future soft and
elongating hard palate, provides a landmark for understanding
regional differences in palate outgrowth and patterning. Elongation
of the maxillary prominence is accompanied by growth of the
anterior palate. A recent report from Li and Ding compared the
dynamic expression of anteriorly restricted Shox2 with Meox2, a
marker of posterior palatal fate, during A-P elongation of the palatal
shelves (Jin and Ding, 2006; Li and Ding, 2007). Focusing on the
changes in the relative size of the Shox2 and Meox2 expression
domains during palate development, the authors argue that the
growth of the anterior palate involves a posteriorly directed
expansion of Shox2 expression and conversion of once posterior
Meox2 expressing cells into an anterior fate. However, in the present
study, we demonstrate that the position of R1 remains constant
relative to Shox2 and Barx1 expression, markers of anterior and
posterior mesenchymal fate, respectively. This observation is incon-
sistent with a posteriorly directed expansion of the Shox2 expression
domain. Furthermore, we show that rostral extension of the anterior
epithelium is achieved by interposition of additional rugae and inter-
rugae domains between R1 and the R1+n rugae, implying the
presence of an epithelial progenitor population in the posterior RGZ
that is maintained by high levels of FGF10 (Harada et al., 2002).
Differences in mesenchymal proliferation rates along the A-P axis of
the palate have not been documented (Li and Ding, 2007; Liu et al.,
2008). This suggests that an alternative mechanism provides a source
of mesenchyme to accompany the growth of the anterior palate
immediately anterior to R1.
Recent analysis of cleft palate in Wnt5a mutants identiﬁed the
presence of directed cell migration in the developing palate (He et al.,
2008; Li and Ding, 2007; Liu et al., 2008). Isotopic grafting of EGFP
expressing anterior or posterior palatal mesenchyme into wild-type
or Wnt5a mutant palates demonstrated that posterior palatal
mesenchyme preferentially migrates anteriorly whereas anterior
mesenchyme tends to migrate towards the lateral palate. Interest-
ingly, the authors showed that directed migration is dependent on a
Wnt5a expression gradient in the anterior palate that is complemen-
tary to the Fgf10 gradient that we report here. Furthermore, in
addition to Wnt5a, He et al. (2008) found that FGF10 also acts as a
potent chemoattractant for palatal mesenchyme. Therefore, the
strong expression domain of Fgf10 at the junction of the anterior
and posterior palate and the complementary Wnt5a expression
gradient in the anterior palate (see Fig. 2A) suggest that a complex
and combinatorial control of cell movements may be involved in the
rostral outgrowth of the palatal shelves. Further investigation of the
differences in migratory behavior between anterior and posterior
palatal mesenchyme in reference to the landmarks provided by the
RGZ will likely prove informative.
Modularity and integration of signaling domains during craniofacial
outgrowth
Craniofacial development involves the precisely coordinated
outgrowth and midline fusion of multiple bud-like prominences
and requires positional and patterning information provided by
spatially separated signaling centers. In avians and mammals,
formation of the beak or nasal capsule and primary palate is
coordinated by FEZ signals that direct the growth of the frontonasal
mass (Hu and Marcucio, 2009b; Wu et al., 2006b). The mammalian
secondary palate represents an elaboration of the skeletodontal
elements of the upper jaw within the vertebrate craniofacial bodyplan. We have identiﬁed the RGZ, strategically positioned relative to
the A-P axis of the palate, as the location of periodic generation of
signaling centers during the rostral outgrowth of the palate. We
observe that at E11.5 Shh expression in the FEZ is contiguous with the
adjacent region of the maxillary prominence that will give rise to R1
(see Figs. 3C and F). During the initial stages of secondary palate
development, the site of R1 formation is closely associated with the
formation of the primary choanae that presages the site of fusion
between the primary palate with the anterior secondary palate
(Tamarin, 1982). Therefore, growth of the anterior hard palate occurs
via the expansion of the domain intervening the FEZ and R1. How
these two morphogenetic domains may be integrated to coordinate
craniofacial development is an important question with the potential
to signiﬁcantly advance our understanding of the etiology of an
important class of birth defects, clefting of the primary and secondary
palate (cleft lip and cleft palate).
To address the question of coordination between morphogenic
domains during craniofacial development, Depew and Simpson
(2006) have proposed a “hinge and caps” model to explain how
spatially distributed sources of positional information may be
integrated to achieve a “global” solution to the outgrowth of the
numerous facial primordia that form the oral cavity in gnathostomes.
This model is based upon the interplay between prepatterned
populations of CNC with the activity of proximo-distal positioned
epithelial signaling centers. In the model, proximal “hinge” and distal
“caps” derived signals coordinate the outgrowth and patterning of
intervening tissue to achieve midline fusion of paired facial primordia
as well as maintain proper registration between elements of the upper
and lower jaws (Depew and Compagnucci, 2008; Depew and
Simpson, 2006). “Hinge” deﬁning signals, including Fgf8, Ptx2, and
the nested expression of the Dlx gene family members, emanate from
the junction of the maxillary and mandibular components of the ﬁrst
branchial arch. “Caps” are sources of positional information located
most distally from the “hinge” region, such as the distal mandibular
arch of the lower jaw and the lambdoidal junction between the distal
maxillary arch and frontonasal mass of the upper jaw (i.e., the FEZ).
The juxtaposition of proximal and distal sources of positional
information imposes an inherent polarity upon the developing facial
primordia. A prediction that follows from this model is the potential to
establish coordinating domains or “developmental modules” within
the facial prominences that are deﬁned in response to “hinge” and
“caps” signaling. Such “developmental modules” would provide a
mechanism for coordinating the growth of autonomous components
of the upper and lower jaw.
The FEZ-directed rostral growth of the midfacial complex is
accompanied by the extension of the anterior palate. We propose that
the modularity of rugae signaling domains provides a distributed
system of common instructional cues that maintain growth of the
secondary palate in proper registration with the surrounding
elements of the upper jaw. Furthermore, integration of the unique
periodic activity of the RGZ within the hierarchy of the “hinge and
caps” model would also provide a mechanism to maintain evolu-
tionary plasticity while meeting the morphogenic requirements
speciﬁc to palate closure. If RGZ dynamics are coupled with adjacent
“hinge and caps” signaling domains, evolutionary variation in facial
form resulting from species-speciﬁc activity of the FEZ would
conceivably be accompanied by corresponding output from the
RGZ. As evidence in support of this hypothesis, we note that
species-speciﬁc variations in rugae number from 3 to 4 in human,
8 in mouse, and 18 in the horse correlate with striking differences in
the rostral extension of the face and the underlying skeletal elements.
Therefore, signaling dynamics within the RGZ potentially provide a
readily modulated mechanism that satisﬁes the need to coordinate a
phylogenetically inherited body plan for skull development with the
palate morphogenetic program while also accommodating evolu-
tionary adaptation of facial form.
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